Caspases are proteolytic enzymes that are essential for apoptosis. Understanding the many discrete and interacting signaling pathways mediated by caspases requires the identification of the natural substrate repertoire for each caspase of interest. Using an amplification-based protein selection technique called mRNA display, we developed a high-throughput screen platform for caspase family member specific substrates on a proteome-wide scale. A large number of both known and previously uncharacterized caspase-3 substrates were identified from the human proteome. The proteolytic features of these selected substrates, including their cleavage sites and specificities, were characterized. Substrates that were cleaved only by caspase-8 or granzyme B but not by caspase-3, were readily selected. The method can be widely applied for efficient and systematic identification of the family member specific natural substrate repertoire of any caspase in an organism of interest, in addition to that of numerous other proteases with high specificity.
H
ighly specific proteolysis of bioactive molecules is one of the most important mechanisms to achieve precise cellular control of many essential biological processes. Thus far, Ͼ500 genes that encode proteases or protease-like molecules have been annotated in the human genome (1) . One of the most vital biochemical pathways that are mediated by proteases is apoptosis. Because caspase activation is a crucial event in apoptosis, identification of their downstream substrates on a proteome-wide scale is essential to our understanding of the molecular mechanisms of programmed cell death. Although a number of caspase substrates have been identified, it appears that many more apoptotic caspase targets, especially those caspase family member specific substrates, have not yet been revealed (2) (3) (4) . The identification of family member specific substrates of each caspase on a proteome-wide scale, however, is a major undertaking. This challenge is further complicated by the overlapping substrate specificities of multiple caspase family members.
Four global methods have been used to identify the downstream substrates of caspases. The first method is a mass-spectrometric approach that permits identification of the cleavage sites of relatively abundant proteins under physiological conditions. However, it appears that this method predominantly identified some classes of substrates such as RNA-binding proteins (5) . It is also difficult to unambiguously attribute a particular cleavage event to a specific caspase, because of the presence of multiple caspases and numerous other proteases in cell lysate. The second method is the small pool expression cloning strategy that has been successfully used to identify several previously uncharacterized caspase and recently granzyme B substrates (3, 6) . It is time consuming to screen the whole cDNA library by progressive subdivision and reexamination of a large number of subpools each with hundreds of individual clones. The third method is yeast two-hybrid approach that uses inactive caspase mutants (7) . This indirect binding rather than cleavage method would result in preferential enrichment of substrates that tightly bind to the caspase used in the screen. The fourth approach is to use a synthetic peptide library that is appropriately displayed, e.g., on phage, the bacterial cell membrane, or fluorogenic peptide microarrays. This approach has been successfully used to determine the specificity of various proteases including caspases (8, 9) . However, the optimal consensus sequences identified from the short peptide libraries were poorly correlated with naturally occurring protease substrates and are therefore less biologically relevant. Identification of natural protease substrates by using these display methods has not yet been demonstrated. In general, these methods only permit the identification of a limited number of caspase substrates.
To identify natural family member specific caspase substrates on a proteome-wide scale, a systematic and broadly applicable strategy is greatly desired. mRNA display is a technology that allows covalent linkage between an RNA and its encoded protein (10) (11) (12) . Using an mRNA-displayed protein library, multiple rounds of selection and amplification can be performed, enabling enrichment of rare sequences with desired properties. Compared with other peptide or protein selection methods, mRNA display has several advantages. First, the stable linkage between mRNA and protein makes it possible to use arbitrary selection conditions such as sequential cleavage with a series of different caspases. Therefore, it allows us to identify protein sequences that are cleaved only by the caspase member of interest, but not by other members. Second, protein libraries containing as many as 10 12 ϳ10
13 unique sequences can be generated and selected, orders of magnitude higher than can be achieved by using other methods. Therefore, both the likelihood of isolating rare sequences and the diversity of sequences isolated in a given selection are significantly increased. Using mRNAdisplay-based protein selection, we identified and characterized a large number of caspase-3 substrates, including 26 known and 89 previously uncharacterized downstream caspase-3 targets [supporting information (SI) Tables 2-4 ]. The cleavage sites on the selected fragments from known caspase-3 substrates correlate very well with those previously reported and the cleavage sites on the previously uncharacterized substrates could be readily mapped. We also demonstrated that downstream substrates that were cleaved only by caspase-8 or granzyme B, but not by caspase-3, could be readily selected. These results will contribute to deciphering the apoptotic signaling pathways mediated by individual caspases or caspase-like proteases.
heart, spleen, thymus, and muscle, as reported (12) . Because the initial library was preselected to remove out-of-frame sequences, the percentage of the sequences in alternate frames was Ϸ3% and Ͻ1% before and after the proteolytic selection, respectively. For most sequences, the length of the protein portion from the ORFs of natural proteins was in the range of 80-200 aa. Protein domains with this length are more likely than short synthetic peptides to adopt native conformations or tertiary structures. Therefore, this method makes it possible to identify other unknown residues or structural motifs, in addition to the cleavage sites, which might play an important role in protease substrate recognition. Typically, 1.5 pmol (Ϸ10 12 molecules) of mRNA-displayed protein sequences was generated and used in the proteolytic selection. Therefore, each protein and its fragments should be represented by numerous copies in the library.
Selection Scheme for Efficient Enrichment of Substrates Cleaved by
the Caspase of Interest. To select caspase substrates from an mRNA-displayed human proteome domain library, we immobilized the proteome library on streptavidin-agarose beads through a biotin residue that was efficiently and site-specifically introduced at the N-terminal AviTag by using the BirA enzyme (13) (SI Fig. 6 ). Consequently, only sequences specifically cleaved by the caspase of interest were released and enriched. Several procedures were used to minimize the enrichment of nonspecific sequences, as detailed in Materials and Methods. Upon incubation with a purified caspase of interest, cleaved protein sequences were released and enriched, with the intact mRNAs still covalently attached to their C termini (Fig. 1) . To avoid overdigestion, we first tested the in vitro digestion conditions for several well known caspase substrates, including PARP-1, calpastatin, RAD21, hnRNP A2/B1, and Bid. The incubation time and the amount of caspase used in the selection were chosen to result in Ϸ50% cleavage of these known substrates. The selected sequences were then amplified for sequencing or used as templates for iterative rounds of selection.
SI Fig. 7 shows the selection profiles using caspase-3. In the first two rounds, the amount of immobilized fusion molecules released from the solid surface by caspase-3 was undetectable (Ͻ0.1%). In round 3, however, Ϸ1.5% of total immobilized radioactive counts were recovered. By cloning and sequencing, it was found that 99% of the selected sequences were in the correct reading frame as in the natural proteins. The selected sequences were diverse, although fragments from some genes had more copies than others. To facilitate the isolation of additional substrate sequences, 12 mostabundant sequences were removed by hybridizing the selected pool with 18 biotinylated oligonucleotides complementary to the shortest overlapping regions of each abundant sequence (SI Tables 5 and  6 ), followed by passage through a streptavidin-agarose column. It was found that such subtraction was very efficient, and the abundance of these sequences was significantly reduced by only one such subtraction (SI Table 5 ). After this treatment, a large number of previously uncharacterized caspase-3 substrates, which otherwise might be difficult to detect, were successfully identified.
Efficient Proteolytic Analysis of Selected Sequences. The cleavage of each selected protein fragment by caspase-3 was tested by an in vitro proteolytic assay, using radiolabeled protein generated by coupled in vitro transcription and translation (TNT), in the presence or absence of a caspase-3 inhibitor (Ac-DEVD-CHO). Each reaction mixture was loaded to a high resolution Tricine-SDS/PAGE for analysis. Numerous positive and negative controls were tested to confirm that this in vitro proteolytic assay is robust, provided that the protein of interest is translated well in rabbit reticulocyte lysate (data not shown). As illustrated in Fig. 2 using six selected proteins as examples, the cleavage of positive sequences was observed when purified caspase-3 was present, but totally abolished when caspase-3 was preinhibited by a specific inhibitor. Among 207 unique proteins from a total of 580 clones we picked up for analysis, 173 were translated well by TNT, among which 115 proteins (66%) were found to be specifically cleaved by caspase-3. These 115 caspase substrates are listed in Table 1 and SI Table 2 for new and previously characterized caspase-3 substrates, respectively. Most of the selected sequences contain 80 to 200 aa residues from the corresponding ORFs. A typical selected sequence is shown in Supplemental Fig. 3 . Blast analysis indicates that this is a fragment (Gln 32 -Gly 154 ) from the N terminus of protein kinase C-like 2 (PKN2, full-length 984-residue), a caspase-3 substrate previously identified using the small pool expression cloning strategy (3).
Among these 115 positive sequences, 26 were fragments from previously reported caspase-3 substrates (SI Tables 2 and 3 ). Unlike other methods that result in the enrichment of certain classes of proteins (14) , the caspase-3 substrates selected here include regulatory proteins involved in various signaling pathways and are not limited to any particular class.
We were not able to identify all of the caspase-3 substrates reported in the literature. However, the absence of those known caspase-3 substrates from our list does not necessarily mean they were not selected, because rare sequences are less likely to be picked up for follow-up studies. We hypothesized that short fragments surrounding the cleavage sites should be present, if these proteins were enriched in the selection. We examined 18 known caspase-3 substrates that were not found from the clones we randomly picked up for analysis. The presence of these genes in the selected pool was detected by PCR amplification using gene-specific primers that Fig. 1 . Selection scheme of caspase substrates using an mRNA-displayed human proteome domain library. mRNA, green; DNA, red; protein, yellow; puromycin, blue circle labeled as P; biotin, red triangle; streptavidin, blue cross; agarose beads, solid black circle; caspase, red scissors.
Fig. 2.
In vitro proteolytic cleavage of several protein fragments isolated from round 3 selection using caspase-3. Radiolabeled protein fragments were synthesized by TNT. The cleavage was carried out using 0.1 unit/l purified caspase-3 at 37°C for 2 h. In the inhibition assay, caspase-3 was preinhibited by 0.5 M Ac-DEVD-CHO for 15 min before being used to digest TNT products. Different proteins were not aligned according to their molecular weights. 1 is a positive control fragment originated from a cleavage site containing sequence of PARP-1. 2-6 are fragments from nos. 4, 5, 27, 35, and 47, as listed in SI Table 4 . 7 is a negative control sequence randomly picked up from round 0. This sequence was digested with increased amount of caspase-3 to demonstrate that its noncleavage nature was not changed by using 10-fold higher caspase.
target short fragments surrounding the reported caspase-3 cleavage sites. 12 of 18 such substrates were greatly enriched in the selected pool, as they could be amplified to the same levels as the controls by at least 12 fewer PCR cycles. Because such PCR detection approach is only limited to known caspase substrates whose cleavage sites had been characterized, we focused our efforts on studying previously uncharacterized caspase-3 substrates.
Mapping of the Potential Cleavage Sites on the Selected Substrates.
The ease of mapping potential cleavage sites is one of the biggest advantages of this method. As shown in SI Tables 2 and 3 , almost all of the selected fragments from the known caspase-3 substrates contain the previously reported cleavage site(s) (4), clearly indicating that our method allows efficient identification of caspase substrates on a proteome-wide scale. Our results also allow us to assign putative cleavage sites to these known caspase-3 substrates whose cleavage sites have not yet been characterized. One such example is RANBP2, a nucleoporin that was recently found to act as an E3 ligase by binding both SUMO and Ubc9 to position the SUMO-E2-thioester in an optimal orientation to enhance conjugation (15 Only selected fragments whose specific cleavage by caspase-3 has been confirmed by SDS/PAGE are listed. Column 3 shows the range of the shortest overlap region (SOR) and the size of the full-length protein. Column 4 shows the range of the TNT-generated full length (FL) or of large fragment (LF) that had been tested in caspase-3 cleavage reaction (the results are listed in column 5). The GenBank accession numbers of these proteins are listed in SI Table 4 . Y, yes; N, no. Bold text represents full-length proteins that were specifically cleaved by caspase-3, whereas italicized text represents large fragments from very large proteins that were specifically cleaved by caspase-3. *Motif Scan (http://myhits.isb-sib.ch/cgi-bin/motif_scan) and Protein Blast were used for the prediction of domains, motifs, and patterns. The Hierarchical Neural Network method (http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?pageϭ npsa_nn.html) was used for the prediction of secondary structures. RANBP2 in 293 cells because of its very large size. Nevertheless, our result suggests that the functions of RANBP2 could be regulated by caspase-3 during apoptosis through cleavage of these domains. Of the fragments selected from 89 previously uncharacterized caspase-3 substrates whose cleavage was individually confirmed by in vitro proteolytic assay, most contain only one potential DXXD cleavage site (SI Table 4 ). The potential caspase-3 cleavage on such fragments most likely occurs on these residues. For the few selected fragments that contain more than one potential caspase-3 cleavage site, we narrowed down the cleavage site(s) by mapping the shortest overlapping region. This is possible, because a number of sequences were isolated as multiple fragments of different lengths derived from the same parental ORF. For example, by aligning three PKN2 fragments isolated from the selection, the shortest overlapping region was found to be between residues 65-140, which covers only DEPDITD 117 /C but not the other two potential cleavage sites (SI Fig. 8 ). This DEPDITD 117 /C cleavage site was further confirmed by analyzing the sizes of the proteolytic products using high resolution Tricine-SDS/PAGE (data not shown). Indeed, the in vitro cleavage site thus identified is identical to that mapped under physiological conditions (3). However, it is still possible that in some cases more than one potential cleavage site is present in the shortest overlapping region, as in secretogranin III (SCG3), an acidic secretory granin protein that is specifically expressed in neuronal and endocrine cells. All of the isolated protein fragments originating from SCG3 contain a common region from residues Leu 78 to Leu 138 , which includes the two potential cleavage sites DDYD 121 /S and DDPD 136 /G. In vitro proteolytic analysis using in vitrotranslated fragment and full-length SCG3 showed that the cleavage sites were indeed within this common region. Because these two potential cleavage sites are very close to each other, it is difficult to unambiguously determine which one is cleaved using Tricine-SDS/ PAGE. Nevertheless, this approach allows us to effectively narrow down the potential cleavage site(s) to a region of Ͻ20 residues.
Proteolytic Analysis of Full-Length Proteins. We further investigated the caspase-3-mediated cleavage of those proteins whose full-length form could be expressed well using the TNT system. Of 33 such full-length proteins from the 115 that were shown to be cleavable as fragments, 26 (Ϸ79%) were specifically cleaved by caspase-3 (Table 1, column 4, bolded) . Interestingly, a number of the selected fragments were from very large proteins with Ͼ1,000 aa that we could not express as full-length proteins. For these proteins, we generated large fragments of 500-800 aa that cover the selected sequences and used these large fragments to test cleavage by caspase-3. The boundaries of these fragments were chosen on the basis of online domain prediction algorithms Motif Scan and Hierarchical Neural Network (Table 1 and SI Table 4 ). Interestingly, 19 of 20 such selected sequence-containing large fragments were cleaved by caspase-3 (Table 1, column 4, italicized) . The sizes of the observed cleavage fragments on SDS/PAGE were consistent with those predicted based on the mapped cleavage sites. These results demonstrate that although the caspase-3 cleavable sequences isolated from the selection were relatively short (80-200 residues), most of the corresponding full-length or large fragments were indeed cleaved by caspase-3.
Caspase Specificity of Selected Substrates. Because of the presence of multiple caspases in eukaryotic cells, it is of great importance to determine which member of the caspase family is responsible for the observed cleavage. To address this issue, we investigated the cleavage specificity of several potential previously uncharacterized caspase-3 substrates with 10 human caspase members (Fig. 3) . These full-length proteins were either overexpressed in HEK 293T (Fig. 3A) or generated by TNT in rabbit reticulocyte lysate (Fig. 3B) . We found that affinity-tagged overexpressed proteins listed in Fig.  3A were cleaved during apoptosis, but the cleavage was not blocked by caspase inhibitors, possibly because they were also cleaved by other enzymes that were present in cells. Therefore, we added purified caspase family members to uninduced cell lysates to investigate whether the overexpressed proteins in mammalian cells were indeed cleaved by caspases (Fig. 3A) . Consistent with the conditions applied in the selection, all of these proteins could be efficiently cleaved by caspase-3 but not by caspase-3 preincubated with a specific tetrapeptide inhibitor. The cleavages were all timedependent, as shown in SI Fig. 9 or PIK3R3 as an example. Interestingly, most of these proteins were also digested by caspase-6 and/or -7. The cleavage patterns are very similar to that by caspase-3 but could be different as shown in ESRRBL1 (Fig. 3B) . This is presumably because caspases-3, -6, and -7 belong to the same family of executioner caspases and therefore have similar specificities. However, the extent and/or pattern of cleavage by other executioner caspases (-6 and -7) could be different, suggesting they have different cleavage efficiencies or recognition sites. Interestingly, several substrates were also cleaved by caspase-8 with similar cleavage patterns. This result indicates that caspase-3 and -8 share some common substrates, although they have different cleavage specificities.
Substrates Cleaved Only by Caspase-8 Could Be Readily Selected. To demonstrate that our method is not limited to caspase-3 but can be generally used to identify downstream substrates of other members of caspase, we performed another proteome-wide selection using caspase-8. We then studied the cleavage of the proteins isolated from the caspase-8 selection by either caspase-3 or -8. More than 30 proteins were found to be cleaved by caspase-8 (unpublished data). Many of the selected caspase-8 substrates could also be cleaved by caspase-3, presumably because some caspase-8 cleavage The V5/His-tagged full-length proteins were overexpressed in HEK 293T cells. The cleavage was carried out using 0.1 unit/l various purified caspases at 37°C for 6 h with an appropriate amount of cell lysate. The proteins were detected by Western blotting using anti-V5 antibody. In the inhibition assay of caspase-3, caspase-3 inhibitor Ac-DEVD-CHO was used at 10 M. (B) Specificity of in vitro proteolytic cleavage of several radiolabeled full-length proteins generated by TNT. The cleavage was carried out by using 0.1 unit/l of various purified caspases at 37°C for 3 h. The full names and the clone numbers of the proteins are listed in SI sites are recognized by caspase-3. Significantly, a number of these selected caspase-8 substrates were specifically cleaved by caspase-8 but not by caspase-3 (Fig. 4A) . These results clearly demonstrate that the mRNA display-based proteolytic selection can be used to decipher family member-specific substrates for each caspase in the caspase family.
Caspase-3 and Granzyme-B Substrates Could Be Readily Distinguished.
We also used this method to study the substrates of granzymes, a class of specific proteases that play central roles in cytotoxic lymphocyte-mediated apoptosis. Like caspases, granzyme B is a specific protease with a stringent preference of an aspartic residue at the P1 position and therefore shares many substrates with caspases (8, 16, 17) . To understand the apoptotic signaling pathways specifically mediated by granzyme B, it is of great importance to identify the substrates that are only cleaved by granzyme-B but not by caspases. It was reported that residues outside the P4-P2Ј motif also contribute to the substrate recognition and binding by granzyme B, making the identification of granzyme B-specific substrates more challenging than that of caspases. We attempted to enrich such specific substrates of granzyme B by preremoval of sequences cleavable by caspases through incubating an immobilized, mRNAdisplayed human proteome domain library with a mixture of caspases (caspases-2, -3, -6, -7, -8, -9, and -10) before selecting sequences that can be released by purified granzyme B. More than 60 granzyme B-substrates were successfully identified (unpublished data). Fig. 4B shows a few such examples. Only a few of the selected sequences, such as SERBP1, were still cleaved by caspases, but usually with different cleavage patterns. This preremoval of sequences that are recognized by other proteases can be widely used in such mRNA display-based method to identify substrates that are cleaved only by a protease of interest.
Cleavage of the Selected Substrates Under in Vivo Conditions. We also investigated whether the cleavage of several selected caspase substrates indeed occurs during apoptosis when the proteins are present at their endogenous concentrations. The in vivo cleavage of the known caspase-3 substrates listed in SI Table 2 has been reported by numerous studies (4) . Because most previously uncharacterized substrates of interest do not have commercially available antibodies, it is difficult to investigate them in vivo when the proteins of interest are present at their endogenous concentrations. We first demonstrated that the cleavage of endogenous SRP54 and EIF4B were observed in vivo under apoptotic conditions (SI Fig. 10 ). We then examined the cleavage of fragile X mental retardation syndrome-related protein 2 (FXR2), a caspase substrate identified from the selection using caspase-8 rather than caspase-3. FXR2 is similar to FMRP and FXR1, both of which are involved in RNA binding, polyribosomal association, and nucleocytoplasmic shuttling (18) . These genes have been implicated in the development of fragile X mental retardation syndrome. The shortest overlapping region on FXR2 recognized by caspase-8 was found to be between Leu 564 -Ser 634 , and the potential cleavage site was mapped at LESD 567 /G (SI Fig. 11 ). Interestingly, this cleavage site is just 13 residues upstream of the functional nucleolar-targeting signal (Arg 581 -Arg 594 ), which is involved in mediating the intranuclear distribution of FXR2 and some FXR1 isoforms (18) . We found that full-length FRX2 was specifically cleaved by caspase-8, but not by caspase-3, when digested using purified caspase-3 or -8, respectively (Fig. 5A) . The sizes of the proteolytic products were consistent with a caspase-8 cleavage site at D 567 /G. Its in vivo cleavage under apoptotic conditions was also observed, although it is less clear whether the cleavage is mediated by only one caspase (Fig. 5B ). It appears that the large fragment was further digested by other caspases or proteases in vivo. Our results suggest that the C-terminal nucleolar-targeting signal of FXR2 is removed by In vitro proteolytic cleavage of several protein fragments isolated from round 5 selection using caspase-8. Radiolabeled protein fragments were synthesized by TNT. The cleavage was carried out by using 0.1 unit/l of purified caspase-3 or -8 at 37°C for 6 h. In the inhibition assay of caspase-8, caspase-8 inhibitor Ac-IETD-CHO was used at 5 M. The proteins are: 1, PJA2; 2, ZCWPW2; 3, POLR3GL; 4, NRG1; 5, FLJ21352; 6, KIAA0701; 7, EEA1; and 8, FXR2. (B) In vitro proteolytic cleavage of several protein fragments isolated from round 2 selection using granzyme B. Radiolabeled protein fragments were synthesized by TNT. The cleavage was carried out by using 0.1 unit/l of purified caspase-3 or 0.2 unit/l granzyme B at 37°C for 6 h. The proteins are: 1, SERBP1; 2, KBTBD10; 3, C11ORF58; and 4, FILIP1L. The full names of these proteins are given in SI Table 6 .
